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Abstract 
In the scope of this project, a biodegradable composite was studied as a possible solution for a ligament reinforcement material. 
The main focus was to analyze the creep and stress relaxation behaviour of poly lactid acid (PLA) blended with poly ũ-
caprolactone (PCL), i.e., PLA-PCL fibres, and investigate the performance of a simple linear viscoelastic mechanical model, the 
Burgers model, describing both behaviours. Based on the shape of the stress-strain curve, PLA-PCL displays, similarly to the 
natural ligament tissue, a nonlinear visco-elastoplastic behaviour. The linear viscoelastic approach seemed to be valid up to a 
certain stress level, assumed to be the linear viscoelastic threshold. Creep and relaxation data suggested that the rate of 
creep/stress relaxation decreases with increasing stress/strain. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of INEGI - Institute of Science and Innovation in Mechanical and Industrial Engineering.  
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1. Introduction 
The current solutions for soft tissues replacements based on biodegradable polymers are susceptible to visco-
elastoplastic behavior which may lead to the device failure. When they are submitted to large deformations, above 
the elastic limit, in dynamic or static loading conditions, these materials will progressively accumulate permanent 
deformation, which part of it is internal damage, due to creep and fatigue [1]. Biodegradable devices can fail in long 
term due laxity or by sudden failure and, in the case of polymers, creep and fatigue interactions occur at low 
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temperature and these two phenomena are coupled [1]. In this work, the focus was given to the study of creep and 
stress relaxation behaviour of PLA-PCL fibres and the Burgers model was used to describe the experimental data. 
An ideal scaffold for ligament repair must display a similar mechanical behaviour to the natural ligament. 
 
Nomenclature 
σ stress  
ε strain 
ሺ ሶ ሻ first time derivative 
ሺ ሷ ሻ second time derivative 
σmax / max. stress maximum stress 
εmax / max. strain maximum stress 
η1 Maxwell spring modulus 
η2 Kelvin-Voigt spring modulus 
R1 Maxwell dashpot viscosity 
R2 Kelvin-Voigt dashpot viscosity 
2. Methods 
PLA-PCL fibres (Ø 0.5mm, length: 80mm), dry and saturated specimens with normal saline solution (0.9% 
NaCl), were tested under static and dynamic mechanical loading conditions, i.e. tensile, creep and stress relaxation 
tests. Saturated samples were placed in a recipient containing the solution for at least 2 hours. Additionally, a 
dropper was used to moisten the samples and efforts were made to ensure that all the specimens remained saturated 
throughout the mechanical tests. 
 
Fig. 1. True stress-strain curve. 
PLA-PCL fibres were tested under static and dynamic mechanical loading conditions, i.e. tensile, creep and stress 
relaxation tests. The saturated specimens intend to simulate the effect of a human body environment. The graph in 
Fig. 1 evidences the nonlinear behaviour of the PLA-PCL fibres. 
The established creep and stress relaxation testing protocol are illustrated in Fig. 2 (a) and (b), respectively. 
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Fig. 2. (a) Stress input protocol for the creep tests; (b) strain input protocol for the stress relaxation tests. 
The different creep and stress relaxation levels were defined based on tensile strength (dry specimens: 
237.75MPa; saturated specimens: 232.22MPa) and maximum strain (dry specimens: 76.57%; saturated specimens: 
77.40%) values collected from tensile tests data (engineering curve). Tables 1 and 2 show the input stress /strain 
values for each test level (creep and stress relaxation, respectively). 
Table 1. Stress input values at different creep levels 
Creep level Dry specimens 
[MPa] 
Saturated specimens 
[MPa] 
15% max. stress 35.66  34.83 
30% max. stress 71.32 69.67 
45% max. stress 106.99 104.50 
60% max. stress 142.65 139.33 
 
Table 2. Strain input values at different stress relaxation levels 
Stress relaxation 
level 
Dry specimens 
[%] 
Saturated specimens 
[%] 
4% max. strain 3.06 3.10 
8% max. strain 6.13 6.19 
12% max. strain 9.19 9.29 
16% max. strain 12.25 12.38 
 
3. Experimental Results 
The most linear region of the different creep and relaxation curves are represented in Fig. 3 and Fig. 4 
respectively (in a log-log scale). A linear approach was used in order to calculate creep and stress relaxation rates. 
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Fig. 3. Creep rate at multiple levels: (a) dry specimens; (b) saturated specimens. 
a 
 
b 
 
Fig. 4. Relaxation rate at multiple levels: (a) dry specimens; (b) saturated specimens. 
As shown in Fig. 3 and Fig. 4, and supported by Table 3 and Table 4 data, the creep rate decreases as the stress 
level is increased and the rate of relaxation tends to decrease as the strain level is increased. 
Although it is not presented in Fig. 4, dry PLA-PCL specimens showed more marked stress relaxation behaviour 
than saturated specimens. 
Table 3. Creep rate values for different stress input 
Level Dry specimens Saturated specimens 
Creep rate (n) R2 Creep rate (n) R2 
15% max. stress 0.2568  0.9996 0.1547 0.9937 
30% max. stress 0.1058 0.9917 0.1224 0.9992 
45% max. stress 0.0980 0.9991 0.1049 0.9977 
60% max. stress 0.0931 0.9995 0.0813 0.9976 
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Table 4. Relaxation rate values for different strain input 
Level Dry specimens Saturated specimens 
Creep rate (n) R2 Creep rate (n) R2 
4% max. strain 0.155 0.9984 0.285 0.9984 
8% max. strain 0.2808 0.9984 0.285 0.9991 
12% max. strain 0.210 0.9996 0.277 0.9996 
16% max. strain 0.173 0.9996 0.204 0.9976 
 
4. Burgers Model 
 
Fig. 5. Burgers model (four element model). 
The Burgers model (Fig. 5) is a classic linear viscoelastic model, used to represent the polymer viscoelastic 
behavior [2]. Also known as the four element model, this model is a combination of two others, the Maxwell model 
and the Kelvin-Voigt model (connected in series).  
The total strain, as a function of time, corresponds to the equation (1) 
ߝ ൌ ߝଵ ൅ ߝଶ ൅ ߝଷ (1) 
 
where 
ߝଵ ൌ
ߪ
ܴଵ (2) 
 
ߝሶଶ ൌ
ߪ
ߟଵ (3) 
 
ߝሶଷ ൅
ܴଶ
ߟଶ ߝଷ ൌ
ߪ
ߟଶ (4) 
 
For the most general case of a linear viscoelastic solid, the total strain is the sum of three essentially separate 
parts: ε1, the immediate elastic strain or instantaneous elasticity which appears instantly after loading and is gone 
after the load is removed; ε2, the Newtonian flow, which is identical with the deformation of a viscous liquid 
obeying Newton’s law of viscosity, and represents the irreversible creep strain in the element once it is subjected to 
a constant stress; ε3, the delayed elasticity that increases under the applied stress, and is recovered once the stress is 
removed and the element is kept unloaded for an indefinite period of time. Equations 1 to 4 contain five unknowns ε, 
σ, ε1, ε2, ε3 wherein the last three ones can        σ and ɂ for the 
Burgers model is given by equation (5) [2]. 
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The creep experimental data was used to obtain the Burgers model parameters, presented in Table 3. Fig. 6 
depicts a good fit of the model to the experimental data. 
 
Fig. 6. Modelling results for the 1st creep level (dry specimens). 
Table 5. Burgers model parameters with 95% confidence bounds 
Burgers model parameter Value 
R1 15.54 
R2 12.58 
η1 5896.67 
η2 541.43 
 
The experimental stress relaxation data was used to test the Burgers model, i.e. if it was capable to predict the 
stress relaxation behavior. For the first 300 seconds of the first relaxation level, the model prediction is quite 
reasonable (Fig. 7 (a)). Even with some difference between predicted and experimental values, the shape of the two 
curves is very similar. For the second level, the two curves also display similar behaviour but the discrepancy 
between experimental and calculated values was way more pronounced (Fig. 7 (b)). 
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Fig. 7. Burgers model prediction of relaxation behavior (dry specimens): (a) 1st relaxation level; (b) 2nd relaxation level. 
An acceptable fit of the Burgers model to the creep testing data of saturated specimens was not achieved, even at 
the first level (Fig. 8). As strains go beyond 10%, for this analysis other theories as the large strain theory would be 
more appropriate. For the other creep levels, the material’s nonlinear behaviour could not be appropriately described 
by a linear model, as it can be observed in Fig. 9. 
 
Fig. 8. Modelling results for the 1st creep level (saturated specimens). 
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Fig. 9. Modelling results for the 2nd creep level (dry specimens). 
5. Conclusions 
The creep rate decreases as the stress level is increased, while the rate of relaxation tends to decrease as the strain 
level increases. Other studies about the ligament behavior reached the same conclusion about the rate of stress 
relaxation of these tissues [3]. The Burgers model proved to represent reasonably well the creep data up to the linear 
viscoelastic threshold (Fig. 6). Above this stress level, the response of PLA-PCL becomes nonlinear and the Burgers 
model cannot be used. Observing the multiple creep levels, it was verified that the linear viscoelastic threshold was 
somewhere between the first and the second one, maybe close to 35MPa. For higher stress levels, a nonlinear model 
should be used.  
Nevertheless, the prediction of stress relaxation behavior using the Burgers model may be considered 
qualitatively satisfactory in spite of the assumptions implied by this simple model. 
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